Floating the Raft Hypothesis Lipid Rafts Play a Role in Immune Cell Activation by Cherukuri, Anu et al.
Immunity, Vol. 14, 657–660, June, 2001, Copyright 2001 by Cell Press
MinireviewFloating the Raft Hypothesis:
Lipid Rafts Play a Role in
Immune Cell Activation
Current evidence supports a model in which lipid rafts
play an essential role in immune cell activation (Langlet
et al., 2000). The MIRRs in resting cells appear to reside
in the plasma membrane excluded from the lipid rafts
that concentrate the Src-family kinases (Figure 1). The
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skewing the equilibrium of the receptor toward the non-
raft regions of the membrane. Multivalent ligand binding
that serves to oligomerize the receptors results in the
The cells of both the innate and adaptive immune translocation of the MIRRs into rafts. The oligomer may
systems express a variety of receptors that allow the have a high affinity for the microenvironment of the rafts,
systems to respond to the presence of foreign macro- shifting the equilibrium, resulting in the translocation of
molecules in a highly discriminating and sensitive fash- the receptor into the rafts. In the rafts, MIRRs associate
ion. Key among these receptors are members of the with the Src-family kinases and signaling cascades are
multichain immune recognition receptor (MIRR) family, initiated. In this model, the key initiating event in cell
which include the clonally distributed T cell antigen re- activation is the oligomerization of the receptor to
ceptor (TCR) and B cell antigen receptor (BCR), as well achieve a conformation favorable for raft residency. The
as certain receptors for the Fc regions of antibodies oligomerization is presumably dependent on the affinity
(FcR). These receptors are complexes composed of ex- of the receptor for the ligand and the valency and the
tracellular ligand binding domains associated with conformation of the ligand. In this regard, the initiation
chains that are responsible for signal transduction. The of signaling is strictly a ligand sensing event. The ligand-
cytoplasmic domains of the signaling components con- induced translocation of immune receptors into discrete
tain tyrosine residues in conserved motifs termed immu- microdomains that concentrate essential components
noregulatory tyrosine activation motifs (ITAMs). The re- of the signaling pathway represents a previously unap-
ceptors contain no inherent kinase activity, but upon preciated step in immune cell activation. The biochemi-
crosslinking by ligand binding the tyrosines within the cal and biophysical nature of rafts and the molecular
receptor ITAMs become phosphorylated by Src-family mechanisms underlying receptor translocation into rafts
kinases, thus initiating signal cascades leading to cell remain to be fully elucidated and are of significant inter-
activation. The early events in the signaling cascades est. Equally intriguing is the possibility that the accessi-
have been described in significant detail for many of bility of immune receptors to rafts may be controlled as
these receptors. However, the molecular mechanisms a mechanism to regulate signaling.
by which crosslinking or oligomerization of the receptors Rafts are operationally defined as cholesterol-depen-
leads to their phosphorylation by Src-family kinases re- dent membrane microdomains resistant to solubilization
main to be fully elucidated. in nonionic detergents at low temperatures (Brown and
A clue as to how the ligated receptor is brought into London, 1998; Simons and Ikonen, 1997). The identifica-
association with the signal initiating Src-family kinases tion of a protein as a component of rafts minimally re-
came from the characterization of cholesterol- and quires a demonstration of the cholesterol dependency
sphingolipid-rich membrane microdomains referred to of the presence of the protein in detergent insoluble
here as lipid rafts (Brown and London, 1998; Simons and membranes along with controls ensuring that the mem-
Ikonen, 1997). The saturated tails of the sphingolipids branes have been adequately solubilized. Thus, the
associated with cholesterol are proposed to exist in a choice of detergent solubilization conditions is critical
to the identification of raft components, and differencesliquid-ordered phase separated from the liquid-disor-
in purification protocols may yield different results. Al-dered phase of the phospholipid-containing plasma
though the detergent insolubility studies thus far sup-membrane. Thus, rafts float in a sea of phospholipids
port the possibility of liquid-ordered phases in cellproviding a mechanism for the lateral sorting of mem-
membranes, rafts remain incompletely characterized.brane proteins. Rafts have been shown to exclude most
Biophysical studies have provided evidence for the exis-membrane proteins but to concentrate GPI-linked and
tence of rafts within the plasma membranes of livingmyristylated proteins (such as the doubly acylated Src-
cells (van der Goot and Harder, 2001). In resting cells,family kinases) as well as G proteins and were initially
rafts appear to be dynamic structures that are estimatedproposed to function as platforms for receptor signaling
to be small, but may fuse to form larger domains uponand for receptor trafficking in polarized epithelial and
receptor-ligand binding. Translocation of receptors intoendothelial cells. Rafts are insoluble in certain nonionic
rafts following ligand binding appears to be immediate,detergents at low temperatures, a property that has
occurring within seconds of engagement of the recep-been exploited to separate rafts from the bulk of the
tor. Recent microscopy studies described the formationplasma membrane. Thus, the hypothesis that rafts play
of an immunological synapse or specialized junctiona role in signaling for the MIRRs was readily testable.
between T cells and antigen-presenting cells that forms
10 to 30 min after TCR-ligand binding and consists of
a cluster of TCRs surrounded by a ring of adhesion1 Correspondence: spierce@niaid.nih.gov
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Figure 1. Raft Translocation in Immune Cell Activation
In resting cells, the MIRRs are excluded from lipid rafts, as are most plasma membrane proteins including the phosphatase CD45. The rafts
concentrate GPI-linked proteins and myristylated proteins such as the doubly acylated Src-family kinases that play an important role in the
initial phosphorylation of the ITAM tyrosine residues. In addition, certain coreceptors, such as the TCR coreceptors CD4 and CD8, are also
present in rafts constitutively. Ligand oligomerization of the MIRR results in its selective translocation into and stable residency within rafts,
resulting in the phosphorylation of the ITAMs, initiation of signaling, and (for the BCR) trafficking of antigen.
molecules (Bromley et al., 2001). Although immunologi- TCR engagement, several additional components of the
TCR signaling cascade are recruited to the rafts. Thus,cal synapses may contain raft components, the relation-
rafts appear to have the capacity to concentrate multipleship between these structures and rafts has not been
components critical to receptor signaling, only a few ofestablished.
which have been analyzed thus far.In addition to the MIRRs that translocate into rafts
following ligand binding, rafts also contain a variety of
important GPI-linked immune cell surface proteins that Table 1. Components of the MIRR Signaling Cascades in Lipid
have been shown to initiate signaling following cross- Rafts of Resting and Activated Immune Cells1
linking (Horejsi et al., 1999). These include, for example, Receptor Untreated Receptor Crosslinked
CD90 (Thy1), CD16 (FcRIII), and CD58 (LFA-3). The
Included Excluded Recruitedmechanism by which crosslinking these GPI-linked pro-
teins results in cellular activation is not known but is BCR Lyn CD45 Syk
c-Abl Btklikely to be related to the function of rafts in MIRR signal
PAG/cbp Vavtransduction.
SHIPThe rafts in resting cells selectively concentrate key
PLC-2
components of the signaling pathways of MIRRs and PI3-K
exclude others (Table 1). Upon ligand binding and asso- BLNK
ciation of the receptors with rafts, additional compo- TCR Lck CD45 ZAP-70
Fyn Gadsnents of the signaling pathway are recruited to the rafts,
Itk Slp-76presumably forming a signaling complex. For example,
Syk Shcin perhaps the least complex system, the rafts in the
Ras Vav
membranes of FcR-expressing mast cells concentrate PAG/cbp Grb-2
the Src-family kinase Lyn and exclude the FcR (Sheets Cbl PLC-1
et al., 1999). Crosslinking of the FcR leads to its translo- PI3-K (some isoforms) PI3-K (some isoforms)
LAT PKCcation into rafts and phosphorylation of the receptor’s
CD4, CD8 IKKITAMs and recruitment of Syk and PLC1. In the case
FcR Lyn Sykof the more complex activation mechanism of T cells,
PLC 1
the rafts concentrate not only the Src-family kinase Lck
1 The molecules listed here are only those that have been investi-and a variety of signaling components including LAT (a
gated thus far and shown to be included or excluded from or re-palmitoylated adaptor protein) but also the TCR core-
cruited to lipid rafts in cells expressing the BCR, TCR, or FcR.
ceptors CD4 and CD8 (Janes et al., 2000). Following
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Table 2. Factors that Affect Receptor Translocation into Lipid Rafts
Factor Cell Type Effect on Raft Localization and Signaling
Development T Cell Pre-TCR is constitutively raft-associated, signaling instructs
lineage commitment
TCR/CD28 in immature thymocytes is excluded from rafts,
signaling leads to apoptosis
B Cell Pre-BCR is constitutively raft-associated, engagement leads to
Ca2 signaling
Immature BCR is excluded from rafts, signaling leads to apoptosis
Coreceptors T Cell CD28, CD48
Promote TCR-raft association, actin cytoskeletal association
B Cell CD19/CD21 Complex
Coligation prolongs raft association, signaling
Virus Infection B Cell EBV gene product LMP2A blocks BCR-raft association, signaling
and intracellular trafficking
Antigen Exposure B Cell BCR in anergic B cells is excluded from rafts, engagement leads
to reduced signaling
The mechanism by which receptors translocate into cellular compartments in which peptide-class II com-
plexes are assembled. The internalization of the BCRrafts following ligand binding and the characteristics of
the receptors that permit translocation are of significant for antigen processing appears to be initiated from rafts,
suggesting that the cellular machinery mediating theinterest. Translocation into rafts is selective and the
capacity to stably reside in rafts is a property of only a intracellular trafficking of the BCR may be concentrated
in rafts. Receptor recycling and internalization resultingsmall number of membrane proteins. For example,
CD45, a phosphatase expressed on many immune cells, in receptor downregulation play an important role in
controlling the activation of immune cells through thethe 4 integrin, and the interleukin-1 receptor are ex-
cluded from rafts and do not translocate into rafts even MIRRs. However, at present the relationship between
the rafts and the recycling, internalization, and degrada-upon crosslinking (Cheng et al., 2001; Janes et al., 2000;
Sheets et al., 1999). The transmembrane domains of tion of MIRRs is not known.
If receptor residency within rafts plays a central rolereceptors appear to have a significant influence on
translocation as exchange or mutation of the transmem- in the initiation of immune cell signaling, it is predicted
that entry of receptors into rafts may be controlled tobrane domains alters the translocation properties of re-
ceptors. However, the characteristics of transmem- regulate cell activation. Indeed, recent studies indicate
that the access of MIRRs to rafts is regulated duringbrane domains that confer translocation competence
are not known. The translocation of the receptors into development, in response to ligand exposure, by co-
receptors and by viral infection. At present, the mecha-rafts following ligand binding appears to be independent
of receptor signaling and in addition does not require nisms underlying regulation of the access of receptors to
rafts remain to be elucidated and are likely to representan intact cytoskeleton. However, subsequent stable res-
idency of the oligomer in the rafts may require initiation several different strategies. Further investigation of the
mechanisms by which the access to rafts is regulatedof signaling and receptor interaction with the actin cy-
toskeleton. Taken together, the evidence suggests that should provide new information about the structure and
composition of the rafts as well as the requirements forcrosslinking of the receptor upon ligand binding results
in the formation of an oligomer of the transmembrane the translocation of receptors into and stable residency
within the rafts.domains that prefers the microenvironment of the rafts.
It is possible that the MIRR monomers have an inherent Several examples of the regulation of receptor move-
ment into rafts are provided in Table 2. The access ofweak affinity for rafts such that a small number of recep-
tors are always present in rafts. The constitutive pres- the MIRRs to rafts is altered during both T cell and B
cell development, reflecting changes in the outcome ofence of receptors in rafts may be of functional signifi-
cance, possibly playing a role in signaling for cell antigen engagement by the receptors. In pre-T and
pre-B cells, the pre-TCR and pre-BCR appear to localizesurvival. However, the translocation of a significant num-
ber of receptors into the rafts to initiate signaling leading to the rafts without the need for ligation, providing a
mechanism for receptor signaling for further develop-to cell activation requires ligand-induced oligomeriza-
tion. According to this model, initiation of receptor sig- ment (Guo et al., 2000; Saint-Ruf et al., 2000). In imma-
ture T and B cells, engagement of the TCR and BCR,naling is critically dependent on the ability of the ligand
to induce the proper oligomeric receptor complexes that rather than activating, leads to cell cycle arrest and
apoptosis, providing a mechanism for the elimination offavor the microenvironment of the rafts. Any factor that
affects this process would be predicted to have the newly arising self-reactive cells. In immature B and T
cells, the crosslinked receptors fail to translocate intopotential to promote or dampen signaling.
In addition to their role in signaling, the rafts also appear rafts, possibly providing a structural basis for the differ-
ent outcomes of signaling in mature and immature lym-to serve as platforms for MIRR trafficking for at least
the BCR (Cheng et al., 2001). The BCR may be a special phocytes (Cheng et al., 2001; Ebert et al., 2000). A
comparison of the composition of the rafts during devel-case for the MIRRs in that in addition to signaling, the
BCR functions to transport bound antigen to the intra- opment has not been made, and the mechanisms by
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M.L. (2001). The immunological synapse. Annu. Rev. Immunol. 19,which the receptors in immature cells are included or
375–396.excluded from rafts is not known. B lymphocytes also
Brown, D.A., and London, E. (1998). Functions of lipid rafts in biologi-undergo antigen-driven alterations in BCR respon-
cal membranes. Annu. Rev. Cell Dev. Biol. 14, 111–136.siveness. Chronic exposure to antigen leaves B cells in
Cheng, P.C., Cherukuri, A., Dykstra, M.L., Malapati, S., Sproul, T.,an unresponsive or anergic state, and the BCR ex-
Chen, M.R., and Pierce, S.K. (2001). Floating the raft hypothesis:pressed by anergic B cells appears unable to enter rafts
the roles of lipid rafts in B cell antigen receptor function. Semin.
(Weintraub et al., 2000). Taken together, these studies Immunol. 13, 107–114.
suggest a structural basis for the developmentally regu- Cherukuri, A., Cheng, P.C., Sohn, H.W., and Pierce, S.K. (2001). The
lated and antigen-induced differences in the outcome CD19/CD21 complex functions to prolong B cell antigen receptor
of antigen engagement by the MIRRs in T and B lympho- signaling from lipid rafts. Immunity 14, 169–179.
cytes. Dykstra, M.L., Longnecker, R., and Pierce, S.K. (2001). Epstein-Barr
The activation of immune cells through their MIRRs is Virus co-opts lipid rafts to block the signaling and antigen transport
functions of the BCR. Immunity 14, 57–67.influenced by a variety of coreceptors. Recent evidence
Ebert, P.J.R., Baker, J.F., and Punt, J.A. (2000). Immature CD4CD8indicates that coreceptors of both B cells and T cells
thymocytes do not polarize lipid rafts in response to TCR-mediatedmay function to influence the residency of the MIRRs
signals. J. Immunol. 165, 5435–5442.in the rafts (Table 2). One example is CD19, which in
Guo, B., Kato, R.M., Garcia-Lloret, M., Wahl, M.I., and Rawlings,complex with the complement receptor, CD21, signifi-
D.J. (2000). Engagement of the human pre-B cell receptor generatescantly augments BCR signaling in response to comple-
a lipid raft-dependent calcium signaling complex. Immunity 13,
ment-tagged antigens. The CD19/CD21 complex is ex- 243–253.
cluded from rafts in resting cells, but coligation to the Horejsi, V., Drbal, K., Cebecauer, M., Cerny, J., Brdicka, T., Angeli-
BCR by complement-tagged antigens results in the sova, P., and Stockinger, H. (1999). GPI-microdomains: a role in
translocation of both the BCR and the CD19/CD21 com- signalling via immunoreceptors. Immunol. Today 20, 356–361.
plex into rafts and the prolonged residency in and signal- Janes, P.W., Ley, S.C., Magee, A.I., and Kabouridis, P.S. (2000). The
ing of the BCR and CD19 from rafts (Cherukuri et al., role of lipid rafts in T cell antigen receptor (TCR) signaling. Semin.
Immunol. 12, 23–34.2001). Thus, retention of signaling receptors in rafts may
Langlet, C., Bernard, A.-M., Drevot, P., and He, H.-T. (2000). Mem-represent a novel mechanism for augmenting signaling.
brane rafts and signaling by the multichain immune recognition re-It will be of interest to determine if coreceptors that
ceptors. Curr. Opin. Immunol. 12, 250–255.negatively regulate immune cell signaling, for example
Saint-Ruf, C., Panigada, M., Azogui, O., Debey, P., von Boehmer,the FcRIIB on B cells, function to exclude MIRRs from
H., and Grassi, F. (2000). Different initiation of pre-TCR and gamma-rafts.
deltaTCR signalling. Nature 406, 524–527.
Last, rafts appear to be targets of the strategies that
Sheets, E.D., Holowka, D., and Baird, B. (1999). Membrane organiza-pathogens have evolved to block immune cell function. tion in immunoglobulin E receptor signaling. Curr. Opin. Chem. Biol.
The first example of such a strategy is one used by 3, 95–99.
Epstein Barr Virus (EBV). EBV establishes a latent infec- Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes.
tion in B cells that requires the expression of LMP2A, Nature 387, 569–572.
a multimembrane spanning protein that contains in its van der Goot, F.G., and Harder, T. (2001). Raft membrane domains:
cytoplasmic domain ITAM motifs. Studies in transgenic from a liquid-ordered membrane phase to a site of pathogen attack.
Semin. Immunol. 13, 89–97.mice revealed that LMP2A replaces the requirement for
the BCR in B cell development, and in mature B cells Weintraub, B.C., Jun, J.E., Bishop, A.C., Shokat, K.M., Thomas, M.L.,
and Goodnow, C.C. (2000). Entry of B cell receptor into signalingthe expression of LMP2A blocks BCR signaling. Thus,
domains is inhibited in tolerant B cells. J. Exp. Med. 191, 1443–1448.LMP2A itself signals and at the same time blocks BCR
signaling. It was recently determined that LMP2A is con-
stitutively present in rafts and independently blocks
BCR entry into rafts and BCR trafficking, effectively
shutting down BCR function (Dykstra et al., 2001). In
addition, there are several examples of pathogens that
coopt lipid rafts to enter into and propagate within host
cells (van der Goot and Harder, 2001). It would seem
likely that additional examples of pathogens using and
influencing raft function will be discovered.
The initial characterization of rafts in immune cells
has provided evidence that these microdomains play a
key role as platforms for MIRR signaling and trafficking,
illuminating a previously unappreciated step in immune
cell activation. Additional studies are necessary to eluci-
date the molecular nature of rafts, the mechanisms un-
derlying the entry of receptors into rafts, and the control
of raft function. As such mechanisms are revealed, they
may provide new targets for modulation of immune re-
sponses both for therapies for autoimmune diseases
and for the design of effective vaccines.
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